Meeting the conservation challenges of long-lived animal species necessitate longterm assessments of trophic ecology. The use of dietary proxies, such as ratios of naturally occurring stable isotopes in animal tissues demonstrating progressive growth, has shown considerable promise to reconstruct trophic histories of longlived organisms experiencing environmental change. Here, we combine innovative radiocarbon scale-ageing techniques with stable isotope analysis of carbon and nitrogen from cross sections of scale to reconstruct the trophic ecology of Australian lungfish (Neoceratodus forsteri) across its remaining global distribution. Over a 65-year period, we found pronounced temporal shifts in the δ 13 C and δ 15 N isotopic ratios of lungfish that coincided with a period of hydrological modification by dams and land-use intensification associated with agriculture and livestock grazing. In the Brisbane and Burnett Rivers, whose hydrology is substantially regulated by large dams, lungfish showed consistent trends of δ
period, we found pronounced temporal shifts in the δ 13 C and δ 15 N isotopic ratios of lungfish that coincided with a period of hydrological modification by dams and land-use intensification associated with agriculture and livestock grazing. In the Brisbane and Burnett Rivers, whose hydrology is substantially regulated by large dams, lungfish showed consistent trends of δ
13
C depletion and δ 15 N enrichment over time. This may indicate anthropogenic changes in background isotopic levels of basal energy sources and/or that additional seston exported downstream from impoundments represent a carbon source that was previously unavailable, thus shifting lungfish diet from benthic-dominated primary production typical of unmodified river systems, to pelagic carbon sources. By contrast, δ
C ratios of lungfish in the unregulated Mary River were more stable through time, whereas δ 15 N ratios increased during a period of dairy industry expansion and increased application of nitrogen fertilization and then subsequently decreased at the same time that rates of pasture development declined and nutrient inputs presumably decreased. In conclusion, we provide evidence for human-caused alterations in background isotopic levels and potential changes in availability of benthic versus pelagic energy resources supporting Australian lungfish and demonstrate how detectable trophic signals in long-lived fish scales can reveal long-term anthropogenic changes in riverine ecosystems.
KEYWORDS impoundment, long-term studies, nutrients, river regulation, scale, stable isotope analysis Human-induced environmental change has been shown to modify isotope ratios of actively cycled elements such as carbon and nitrogen (Bowen, 2010) and alter the availability of benthic versus pelagic and allochthonous versus autochthonous basal energy resources supporting riverine food webs (Growns et al., 2014; Robertson, Bunn, Boon, & Walker, 1999; Shannon et al., 2001; Sheldon & Thoms, 2006) .
Such shifts in isotope signatures and dominant basal energy sources can translate to changes in the quantity and quality of resources available to higher trophic level consumers (Delong et al., 2011; Delong & Thoms, 2016) . However, anticipating species responses to long-term environmental change is challenged by the need to accurately quantify patterns in trophic ecology over appropriately long time scales. This is particularly relevant for lungfish; a sedentary and extremely long-lived species that can reach ages up to 80 years in the wild (Fallon et al., n. d.) . Fortunately, the use of dietary proxies has emerged as a powerful approach to reconstruct diet histories on ecological and evolutionary time scales for long-lived organisms (Davis & Pineda-Munoz, 2016) .
Elemental analysis of calcified structures in fish have increasingly been used to estimate lifetime diet variability of individuals.
Although otoliths comprise the majority of studies on chronological microchemistry (Campana, 2005) , investigations using fish scales have proved useful to document both age and life history patterns (Tzadik et al., 2017) . Scales share several properties with otoliths such as incremental growth and the incorporation of chemical constituents from the surrounding environment within each increment. In addition, scale growth in most fish species is coupled to somatic growth, resulting in growth cycles being recorded as concentric circuli of calcified collagen corresponding to age (Hutchinson & Trueman, 2006; Trueman & Moore, 2007) . Studies have shown that stable isotope values of slower turnover tissues such as fish scale collagen, correlate well with other calcified and noncalcified tissues (Jardine et al., 2012; Fincel, Vandehey, & Chipps, 2012) , and have the distinct advantage of being a nonlethal alternative to otolith removal.
Stable isotope analysis of carbon and nitrogen in fish scales can provide a chronological repository of long-term ecosystem changes.
Previous studies have used isotopic changes to provide evidence for catchment nitrogen loading (Roussel et al., 2014) , ecosystem eutrophication and reoligotrophication (Grey, Graham, Britton, & Harrod, 2009 ), climate cycles (Satterfield & Finney, 2002) , hydrologic change (Delong et al., 2011) , changing prey availability (Pruell, Taplin, & Cicchelli, 2003) , interactions with invasive species (Mercado-Silva, Helmus, & Vander Zanden, 2009) , and fisheries overexploitation (Wainright, Fogarty, Greenfield, & Fry, 1993) . Stable isotope analysis for trophic reconstruction is most often measured by homogenizing entire scales or subsampling the scale's growing edge to provide either a combined lifetime measure, or just the most recent diet proxy, respectively (Tzadik et al., 2017) . By contrast, cross-sectional sampling across a scale's longitudinal axis has rarely been examined (e.g., Seeley, Miller, & Walther, 2015) but offers new opportunities to sample discrete time periods over the life of a fish. The reason being is that well-calcified layers accrete radially towards the leading edge as new layers overlay older layers (Hutchinson & Trueman, 2006) . Provided scales are thick enough to allow targeted cross-sectional sampling, assays of the elemental composition across growth increments can provide a lifetime profile of trophic ecology and previous water chemistry encountered by individual fish (Seeley et al., 2015; Tzadik et al., 2017) . This is the case for lungfish where the large elasmoid scales (in excess of 50 mm from primordia to leading edge) are retained for life, laying down successive new layers of thick collagen material as they increase in body size (Kemp, 2012) . Furthermore, by combining isotopic profiles with bomb-curve radiocarbon ageing (Uno et al., 2013) , the chronological record of lungfish trophic ecology can be reconstructed over extended time periods (James, Fallon, McDougall, Espinoza, & Broadfoot, 2010; Fallon et al., 2015, n.d.) .
In this study, we combine innovative radiocarbon scale-ageing techniques with stable isotope analysis of carbon and nitrogen to reconstruct the multi-decadal trophic ecology of lungfish. Crosssectional analyses of the large lungfish scales were used to derive con- (Brooks & Kind, 2002; Hughes et al., 2015) . Our study focused on these three rivers, located in the fastest growing region in Australia with a population of more than 3 million people (Figure 1 ). The Burnett and Brisbane Rivers are highly regulated with a number of large dams and weirs constructed for agricultural and urban water supply and for flood control (Arthington et al., 2000; Marshall, Espinoza, & McDougall, 2015) . Collectively, these impoundments store 196% and 134% of mean annual run-off in the Burnett and Brisbane Rivers, respectively ( Table 1) 
| Lungfish trophic ecology and field collection
Evidence from wild individuals suggests that lungfish are benthic omnivores (Pusey, Kennard, & Arthington, 2004) . Although no quantitative dietary data are available in the published literature, bivalves, gastropods, and organic detrital material are frequently observed in the faeces of freshly caught live lungfish. Anecdotal observations also suggest that lungfish diet changes relative to early developmental stages and changes in dentition (Kemp, 1977) , possibly becoming benthic generalists early in life. Lungfish in riverine locations predominantly occupy areas of complex instream habitat, such as log jams, macrophyte beds, and areas of overhanging riparian vegetation (Kind, 2011) . They are considered a sedentary species, exhibiting strong site fidelity and restricted home ranges, rarely venturing beyond a single pool or, occasionally between adjacent connected pools in riverine systems (Brooks & Kind, 2002) .
Thirty-five lungfish were collected from eight main channel locations in the Mary, Burnett, and Brisbane Rivers (Table 1 types to evaluate the association between carbon and nitrogen isotopic ratios derived from scale, fin, and muscle tissues.
| Age determination from scales
Traditional methods for ageing fish have shown limited utility for lungfish. Lungfish demonstrate highly variable growth rates depending on environmental conditions and growth slows considerably with age; therefore, body length is not a reliable indicator of age (Kemp, 1986) . Scales of lungfish exhibit apparent growth lines, but these lines vary considerably in thickness and spacing (Kemp, 2005) , and become indeterminable as age increases (Brooks & Kind, 2002) . Lungfish exhibit a crystalline otolith structure that appears to possess layers, however, these incremental growth lines are not thought to coincide with growth increments according to Gauldie, Dunlop, and Tse (1986) . Similarly, tooth plates show growth lines in dentine and enamel but wear continually from the occlusal surface (Kemp, 2003) , so the earlier lines are lost with age. Skull bones can contain lines of bone deposition, varying in thickness and intensity, but lines are difficult to distinguish in the dense areas where the bone was first laid down (Kemp, 1999) . In addition to not being suitable for ageing, the use of all these calcified structures require samples from a euthanized fish, which is undesirable with a threatened species.
This study capitalizes on recent advances in radiocarbon dating of lungfish scales. Specifically, this approach utilizes the pulse of atmospheric radiocarbon ( 14 C) produced by nuclear weapons testing and incorporated into the scale structure to determine the lifespan of each individual. The specific methodology and age validation have been reported previously (James et al., 2010; Fallon et al., 2015, n.d.) and is summarized here. A single undamaged whole scale for each specimen was dried and the position of the primordium (origin of growth) was assigned from agreement between two readers and marked on a scanned image of the scale. A Dremel® drill with a diamond encrusted bit was used to remove the outer layers of the scale along the growth axis, isolating the elasmodin from the possible overprint of the heavily mineralized squamulae (Fallon et al., 2015) . Once the outer later was removed, the sample was rinsed with MilliQ™ water to soften the elasmodin, and a scalpel used to slice transverse grooves as thinly as possible to achieve an end sample size~0.5 mm in width and approximating~1-1.5 mg dry weight. Samples were placed in clean 6-mm-diameter quartz tubes with CuO and Ag wire and then combusted at 900°C for 4 hr. Conversion to graphite was achieved in the presence of Fe powder and H 2 gas, where the water is removed during reaction with Mg (ClO 4 ) 2 . Samples were run on the single stage accelerator mass spectrometer at the Research School of Earth Sciences, The Australian National University.
As a first approximation of age and growth rate, 
where L(t) is total length along growth axis at time t (age in year), L ∞ the maximum length, k the growth constant that describes the initial slope, and t 0 the theoretical year at zero length.
| Stable isotope analysis
Stable isotope sample preparation and analysis of all lungfish scales followed standard protocols (see Fry, 2006; Jardine et al., 2012) . A 0.5 mg subsample from the 0.5-1 mm radiocarbon slices of scale was weighed, transferred to a tin capsule, and analysed for C and N isotopes. Isotope analyses were performed via combustion and mass spectrometry using a Sercon Europa EA-GSL inlet with a Sercon Hydra 20-22 isotope ratio mass spectrometer at the Radiocarbon Laboratory,
The Australian National University. Ratios of stable isotopes ( 
| Statistical analysis
Time series of δ 
| DISCUSSION
Despite being globally recognized as a scientific icon and listed as a "vulnerable" species under the Australian Environment Protection and Our approach to measuring long-term temporal changes in trophic dynamics provides unique advantages over traditional short-term food web analyses by integrating large scale processes over sufficiently long time periods (Hadwen, Spears, & Kennard, 2010) . However, it does share many of the same limitations associated with conducting temporal isotope analyses of museum specimens (e.g., Delong & Thoms, 2016; Grey et al., 2009; Pruell et al., 2003; Roussel et al., 2014) . Perhaps most importantly is the fact that accurate estimates of temporal baseline variation are critical for distinguishing whether changes in consumer stable isotope ratios are due to dietary shifts or simply to variation in isoscapes due to changing biogeochemical processes that control isotopic fractionation (Solomon, Carpenter, Rusak, & Vander Zanden, 2008) . stable isotope data is often extremely challenging or impossible for long-term studies (including this study) because of limited representation of aquatic primary consumers in many museum collections. In addition, hindcasting isotopic values based on simple environmental proxies risks oversimplifying the complex hydrological and biological processes that influence the dynamics of stable isotope fractionation (Hanson, Jones, & Harris, 2018) . In summary, the most parsimonious explanation for our results is that anthropogenic changes in background isotopic levels of basal energy sources and changes in their availability are reflected in changes in carbon and nitrogen stable isotope ratios of lungfish.
In the Brisbane and Burnett Rivers, where hydrology is substantially regulated by dams, lungfish showed consistent trends of δ 13 C depletion and δ 15 N enrichment over time. An extensive body of literature has shown that hydrologic alteration and impoundment due to dams can modify the transportation and production of both allochthonous and autochthonous carbon sources (Hoeinghaus, Winemiller, & Agostinho, 2007) . First, the attenuation of high flows below dams can influence patterns of autochthonous primary production by modifying the exchange of organisms, nutrients, and detritus between floodplain and river (Cross et al., 2011; Kennedy et al., 2016) . Second, considerable recycling of both carbon and nitrogen occur within the anoxic stratified layers of impoundments, resulting in the fractionation of stable isotopes producing depleted δ (Musenze, Werner, Grinham, Udy, & Yuan, 2014) , confirming the potential for carbon depletion and nitrogen enrichment processes to influence stable isotope values of food webs in these systems. Third, studies have shown that enhanced autotrophic production in large reservoirs can lead to considerable quantities of additional planktonic primary production and organic matter (seston) being exported downstream via releases or spilling events (Marty, Smokorowski, & Power, 2009; Smokorowski et al., 2011) .
Living and detrital phytoplankton and zooplankton production from impoundments may represent a carbon source to downstream food webs that was previously unavailable and typically exhibit a characteristic δ 13 C signature that is more depleted than terrestrial primary production and benthic primary production (de Junet et al., 2009; Solomon et al., 2011) , and these signatures can be detected in downstream food webs (e.g., Chen & Jia, 2009; Kaymak et al., 2015; Smokorowski et al., 2011) . Taken together, our results for the Brisbane and Burnett Rivers suggest that reduced autochthonous carbon contributions below dams, coupled with increased availability of reservoir-derived autochthonous carbon sources released from dams, may have caused lungfish to increasingly rely upon pelagic-dominated from benthic-dominated food sources over time.
Marked trends in lungfish isotope ratios were evident over a period of increased hydrologic modification in the Brisbane River, including the construction of two large dams: Somerset Dam (completed 1953 , fully operational 1958 ) and Wivenhoe Dam (completed 1984 , fully operational in 1988 . Carbon isotope ratios of lungfish decreased consistently over time, which is supported by other long-term studies indicating a gradually, but notably variable, shift from a benthic-based diet to a pelagic-based diet following dam construction. For example, trends in fish δ 13 C over different periods of hydrological modification for five major river basins of the United States was highly variable (Delong & Thoms, 2016) . A progressive shift in carbon isotope ratios in response to environmental change is somewhat expected given the likely slow isotopic turnover of tissue in relation to changing resource signatures.
Although subtle, it is interesting to note that δ 13 C of lungfish showed some evidence of a step decrease in the mid-1990s, when values con- In the less regulated Mary River, δ 13 C of lungfish were more stable through time, potentially reflecting the limited water infrastructure development and more natural carbon sources of this catchment. It is also notable that lungfish δ 13 C in the Mary River were more depleted overall in comparison to the two regulated rivers. This may reflect catchment-specific mechanisms operating to influence isotopic fractionation during carbon assimilation by primary producers (e.g., local
carbon supply, photosynthetic rates, and water turbulence) and primary consumers (e.g., molluscs and crustaceans; Finlay, 2003; Finlay, Power, & Cabana, 1999; Hadwen et al., 2010) , which are the major food sources of lungfish. Together with potential differences in the availability of these food resources, these factors collectively may contribute to the between-river differences observed in δ 13 C of lungfish.
In addition to the potential for impoundments to alter riverine carbon and nitrogen signatures, agricultural land use (e.g., grazing and cropping) and associated riparian degradation can increase run-off of sediments and nutrients leading to anthropogenic nutrient enrichment (Buck et al., 2004; Hagen et al., 2010) . Anthropogenic N inputs can be assimilated by primary producers and transferred to higher trophic levels, resulting in elevated δ 15 N of aquatic biota (Roussel et al., 2014) . There is limited quantitative information on temporal changes in agricultural land use and nutrient inputs in the three study catchments, however, all have similarly high relative proportions of land devoted to agriculture and intensive land uses (including horticulture and animal husbandry; Table 1 for a large bodied, slow growing, low trophic level consumer.
